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SUMMARY 

A r e c e n t  U . S .  P a t e n t  claimed t h a t  oxygen could be  complexed 

s o  t h a t  it would be  s t a b l e  i n  t h e  s o l i d  form a t  r e l a t i v e l y  h igh  

tempera tures .  To tes t  t h e  p a t e n t  c l a ims ,  t h r e e  component gases  

were t e s t e d  f o r  t h e i r  a b i l i t y  t o  form such complexes; t h e s e  w e r e  

n i t r o g e n  t e t r o x i d e  , Freon-22, and carbon d iox ide .  

Oxygen and t h e  component gas were q u i c k l y  s o l i d i f i e d  i n  

a c ryogenic  chamber a t  4 . 2 O K .  The r e s u l t a n t  p roduc t  was s lowly 

h e a t e d ,  and t h e  temperature  and q u a n t i t y  of gas evolved from 

t h e  produc t  were cont inuous ly  measured. 

I t  was found t h a t  oxygen was - no t  complexed by t h e  n i t r o g e n  

t e t r o x i d e ,  Freon-22, o r  carbon d iox ide .  These f i n d i n g s  lend  

doubt t o  t h i s  proposed method f o r  t h e  s t o r a g e  of oxygen. 



INTRODUCTION 

On a l l  manned space miss ions  and f o r  a l l  non-manned 

miss ions  i n v o l v i n g  exper iments  w i th  l i v i n g  m a t t e r ,  some means 

must be prov ided  t o  s t o r e  o r  produce oxygen. I n  t h e  former 

c l a s s ,  s u p e r c r i t i c a l  oxyqen has  been employed though,  i n  t h e  

f u t u r e ,  r e g e n e r a t i v e  oxygen-carbon dioxide-oxygen cyc l e s  w i l l  

probably be  used.  I n  t h e  l a t t e r  c a s e ,  h igh-pressure  oxygen 

gas u s u a l l y  s u p p l i e s  t h e  smal l  requ i rements .  

There i s  a  r e a l  weight  and volume g a i n  i f  l i q u i d  oxygen 

could be  employed f o r  miss ions  where any s i z e a b l e  amount of  

oxygen must be  carried. .  To a t t a i n  t h e  h igh  l i q u i d  d e n s i t i e s ,  

oxygen must be  cooled below -297OF ( a t  one atm.)  thus  s t o r a g e  

v e s s e l s  must be  w e l l  i n s u l a t e d .  I n  a d d i t i o n ,  even i f  l i q u i d  

were s t o r e d ,  t h e r e  a r e  problems i n  measuring,  s e p a r a t i n g ,  and 

hand l ing  a  mixture  of gas  and l i q u i d  under w e i g h t l e s s  c o n d i t i o n s ,  

Thus i t  w a s  w i th  cons ide rab le  i n t e r e s t  t h a t  w e  no ted  a  

U . S .  P a t e n t  3,378,351,  A p r i l  16 ,  1968, which proposed a  new 

mettrod o f  s t o r i n g  oxygen. This p a t e n t  i s  appended t o  t h i s  r e p o r t  

b u t  i t  i s  summarized a s  noted i n  t h e  f i r s t  paragraph of  t h e  

p a t e n t :  " . . . i t  r e l a t e s  t o  a  method o f  combining oxygen gas  w i th  

o t h e r  compounds and s o l i d i f y i n g  t h e  produc t  i n t o  a  b l end  much 

more s t a b l e  than  s o l i d i f i e d  oxygen i t s e l f . "  

I n  e s sence ,  oxygen gas and another  gas ( n i t r o g e n  d i o x i d e ,  

wa te r  vapor ,  i s o b u t y l e n e ,  o r  e t h y l e n e )  were co-condensed r a p i d l y  

t o  a  s o l i d  mixture  a t  l i q u i d  hel ium tempera tures .  I t  was claimed 

t h a t  t h e  s o l i d  mixture  conta ined  "combined oxygen" which would 

n o t  be  evolved u n t i l  temperatures  h i g h e r  than t h e  oxygen s a t u r a -  
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t i o n  temperatures were a t t a i n e d .  

For example, w i th  n i t r o g e n  d i o x i d e ,  t h e  s o l i d  "had t o  be 

hea t ed  above -297°F" ( t h e  normal b o i l i n g  p o i n t  of oxygen) t o  

evolve a l l  of t h e  oxyqen. Some oxyqen was s t i l l  be ing  gene ra t ed  

a t  -250°F, a lmost  50°F h i g h e r  than  one would have expected i f  

t h e  n i t r o g e n  dioxide-oxygen s o l i d  were p u r e l y  a p h y s i c a l  mix- 

t u r e .  The oxygen evolved a t  t empera tures  h i g h e r  than  -297OF 

amounted t o  a complex con ta in ing  1 mole of oxygen t o  6 . 6  moles 

of NO2.  

With t h e s e  few r e s u l t s  t o  guide u s ,  we have d u p l i c a t e d  

t h e  exper imenta l  appara tus  and condensat ion technique o u t l i n e d  

i n  t h e  p a t e n t  and have t e s t e d  N 2 0 4 ,  Freon-22, and carbon d iox ide  

as  " complexing agen t s .  " The experiments a r e  desc r ibed  i n  

d e t a i l  below. The o b j e c t  was t o  determine from t h e s e  few t e s t s  

whether o r  n o t  t h i s  proposed scheme might have promise i n  space  

miss ions  a s  an oxygen s t o r a g e  technique  wherein oxygen, complex- 

ed i n  t h e  s o l i d  s t a t e ,  could be  s t o r e d  a t  r e l a t i v e l y  h igh  temp- 

e r a t u r e s  and gene ra t ed  a t  any d e s i r e d  r a t e  by vary ing  t h e  temper- 

a t u r e  rise r a t e  of t h e  s o l i d  complex. 

We w e r e  r e l u c t a n t  t o  accep t  t h e  p a t e n t  c la ims - a p r i o r i  s i n c e  

we could see no reason why oxygen should  complex i n  a chemical  

manner w i th  gases  of  t h e  type  noted above. True,  t h e r e  may be  

a very i n t i m a t e  p h y s i c a l  mixture formed wi th  some p o s s i b l e  

t r a p p i n g  of oxygen i n  an i n e r t  m a t r i x ,  b u t  t h i s ,  upon h e a t i n g ,  

would then  n o t  behave a s  desc r ibed  i n  t h e  p a t e n t .  With such 

o o n f l i c t i n g  though t s ,  we then  i n i t i a t e d  t h e  exper imenta l  program, 



EXPERIMENTAL PROGRAM 

A B r i e f  D e s c r i p t i o n  ( R e f e r  t o  F i g u r e  1) 

Oxygen and t h e  complexing gas  w e r e  added s e p a r a t e l y  and 

a l lowed  t o  mix i n  t h e  main chamber. The t e m p e r a t u r e  and p r e s -  

s u r e  o f  e a c h  gas  c o u l d  b e  measured and,  s i n c e  t h e  volume o f  

t h e  main chamber was known, t h e  i n i t i a l  compos i t ion  c o u l d  b e  

de te rmined  u s i n g  t h e  s a s  laws.  A f t e r  e q u i l i b r a t i o n  o f  t h e  

g a s e s  w i t h  t h e  s u r r o u n d i n g s ,  t h e  main chamber was connec ted  

t o  t h e  c r y o g e n i c  chamber which had been immersed i n  l i q u i d  

he l ium a t  4 . 2 O K .  The g a s e s  w e r e  r a p i d l y  cryopumped from t h e  

main chamber and s o l i d i f i e d  o u t  i n  t h e  c r y o g e n i c  chamber. 

The t e m p e r a t u r e  ( s )  a t  which t h e  s o l i d i f i e d  p r o d u c t  

decomposed and t h e  q u a n t i t y  o f  t h e  g a s e s  which were e v o l v e d  

a t  t h i s  t e m p e r a t u r e ( s )  w e r e  measured. 

D e t a i l e d  D e s c r i p t i o n  o f  S a l i e n t  F e a t u r e s  of  Appara tus  

Cryogen ic  Chamber ( F i g u r e  2 )  

The c r y o g e n i c  chamber c o n s i s t e d  o f  a  Pyrex  c o n t a i n e r  

f i t t e d  w i t h  a  c l o s e d  i n t e r n a l  annu lus  th rough  which warm h e l i u m  

gas  f lowed.  This  a c t e d  a s  a  warm s h e a t h  t o  p r e v e n t  p remature  

d e p o s i t i o n  o f  s o l i d s  i n  t h e  upper  r e g i o n s  o f  t h e  chamber. The 

lower  p a r t  o f  t h e  chamber w a s  su r rounded  by a  l i q u i d  h e l i u m  

b a t h  which was,  i n  t u r n ,  immersed i n  a  Dewar o f  l i q u i d  n i t r o g e n .  

t o  minimize b o i l - o f f  rates o f  h e l i u m .  The t empera tu re  of t h e  





s o l i d ( s )  d e p o s i t e d  a t  t h e  bottom of t h e  chamber was measured 

by a copper-cons t a n t a n  thermocouple probe made wi th  0 . 0  0 2 

i n c h  d iameter  w i r e .  

Main Chamber 

The main chamher was made of  a b r a s s  c y l i n d e r  w i th  an 

approximate l eng th  and d iamter  of 30 and 1 4  cm r e s p e c t i v e l y .  

The volume of t h e  main chamber was 3.87 l i t e r s .  

P r e s s u r e  Measurement 

P r e s s u r e s  l e s s  than  1 0 0  mrn Hq were measured wi th  a Baroce l  

e l e c t r o n i c  manometer, Type 511, w i th  t h e  r e f e r e n c e  p o r t  connected 

t o  t h e  i n l e t  of an oil d i f f u s i o n  pump. P r e s s u r e  read ings  were 

b e l i e v e d  a c c u r a t e  t o  k0.5 microns.  

P r e s s u r e s  exceeding 1 0 0  mm Hg were measured wi th  a mercury 

manometer, and read ings  were taken  wi th  a ca the tometer  and l e v e l s  

e s t ima ted  t o  + .05 mrn Hg. 

Temperature Measurement 

The main chamber temperature  was measured us ing  a 30 gauge 

(0 .01  i n c h )  copper-constantan thermocouple probe wi th  ice -water  

a s  a r e f e r e n c e  junc t ion .  A Honeywell p o r t a b l e  po ten t iometer  w a s  

used t o  read  v o l t a g e s  t o  k -005 m i l l i v o l t s  ( t0 .05 'C) .  

Temperatures i n  t h e  bottom of t h e  c ryogenic  chambers were 

measured us ing  a 50 gauge ( 0 , 0 0 2  i n c h )  copper-constantan thermo- 
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FIGURE 2. CRYOGENIC CHAMBER 



couple probe wi th  a l i q u i d  n i t r o g e n  r e f e r e n c e  junc t ion .  A Leeds 

and Northrup Type K po t en t iome te r  was used i n  t h e  readout  t o  

measure v o l t a g e  within '5 microvo l t s  ( k 0 . 2 " C )  . 

Run Procedure  

The d e t a i l e d  procedure  c a r r i e d  o u t  du r ing  each run i s  

given i n  Appendix 11. 



Design Cons idera t ions  

Thermocouple S i z e  

The thermocouple which was p o s i t i o n e d  i n  t h e  cryogenic  

t e s t  chamber was s e t  i n  p l a c e  a t  t h e  very bottom wi th  a sma l l  

h e l i c a l  w i r e  c o i l  above i t  t o  a l low h e a t - s t a t i o n i n g .  The w i r e  

s i z e  was determined from a h e a t - t r a n s f e r  a n a l y s i s  which assumed 

( c o n s e r v a t i v e l y )  t h a t  no h e a t - s t a t i o n i n g  c o i l  w a s  p r e s e n t  and 

t h e  thermocouple r ece ived  energy by conduct ion from t h e  v e r t i c a l  

l e a d s .  B y  assuming va r ious  w i r e  s i z e s ,  t h e  p r e d i c t e d  temperature  

e r r o r s  between t h e  measured and t r u e  c ryogenic  t e s t  chamber could 

be  determined.  A 2 - m i l  w i r e  was f i n a l l y  s e l e c t e d ;  t h e  maximum 

hea t - l eak  e r r o r  f o r  t h i s  s i z e  i s  only 0.3"K. With t h e  hea t -  

s t a t i o n i n g  c o i l ,  t h e  a c t u a l  e r r o r  would be  much less. 

Mixing T i m e  i n  Main Chamber 

When making up t h e  d e s i r e d  gas  composit ion i n  t h e  main 

chamber, each gas was metered i n  s e p a r a t e l y .  However, a homo- 

geneous gas  mixture  was d e s i r e d  b e f o r e  expanding t h e s e  gases  

i n t o  t h e  c ryogenic  chamber. 

The t ime f o r  t h e  gases  t o  be completely mixed can be e s t i m a t e d  

by assuming t h a t  t h e  gases  a r e  i n i t i a l l y  s e p a r a t e d  from each o t h e r  

by an impermeable p a r t i t i o n  which d i v i d e s  t h e  main chamber i n  

h a l f .  The p a r t i t i o n  i s  then removed and t h e  gases  i n t e r d i f f u s e .  

The t ime f o r  complete mixing of t h e  g a s e s ,  based on t h e  above 

model, i s  then  ove re s t ima ted ,  s i n c e ,  i n  t h e  f eed ing  of the gases  



i n t o  t h e  main chamber, t h e r e  i s  some tu rbu lence  which would 

reduce t h e  t i m e  f o r  complete mixing, 

For an e q u a l  molar mixture  o f  gases  ( r e f e r  t o  F igure  4 ) ,  

t h e  problem can be desc r ibed  mathemat ical ly  

With t h e  boundary cond i t i ons  : 

The s o l u t i o n  i s  

F igu re  3a i s  a  diagrammatic r e p r e s e n t a t i o n  of t h e  concen- 

t r a t i o n  p r o f i l e s ,  i n  va r ious  t i m e s .  F igu re  3b i s  a  p l o t  of t h e  

degree  of mixing,  i . e . ,  

- 
' i n i t i a l  ' f i n a l  X 1 0 0  a t x = O  

' f i n a l  

a g a i n s t  t ime of mixing i n  minutes f o r  a  t y p i c a l  ca se  of n i t r o g e n  - 

COT Af te r  4 5  minutes ,  t h e  gases  a r e  completely mixed.. S i m i l a r  

c a l c u l a t i o n s  f o r  o t h e r  gas mix tures  i n d i c a t e  t h a t  t h i s  t ime o f  

4 5  minutes would s u f f e r  t o  a l low e s s e n t i a l l y  complete d - i f f u s i v e  

mixing of a l l  gas mixtures  used i n  t h e  work. 



(a )  Concentret ion profi les as a function of time in 
main chamber 
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(b) Percentage of completion of the concent ra t  ion 
at t h e  w a l l  (i. e. degree of  mix ing)  vs. t ime of 
mix ing  
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Three component gases  were t e s t e d  f o r  t h e i r  a b i l i t y  t o  

'complex' w i th  oxygen a t  low temperatures  - n i t r o g e n  t e t r o x i d e ,  

Freon-22, and carbon d iox ide .  Ni t rogen t e t r o x i d e  was t e s t e d  

a s  it was one o f  t h e  gases  s t a t e d  i n  t h e  p a t e n t  which would 

complex oxygen; Freon-22 was chosen because i t  i s  a  good 

advent  ( a s  a  l i q u i d )  f o r  oxvgen; and carbon d iox ide  was s e l e c t -  

ed because i t  f r e e z e s  a  t empera ture  so  much h i g h e r  t han  oxygen 

and,  hence,  might be  more a b l e  t o  ' t r a p '  oxygen. 

When n i t r o g e n  t e t r o x i d e  was t e s t e d ,  t h e  exper imenta l  

appa ra tus  and procedure  were modif ied.  S ince  n i t r o g e n  t e t r o x i d e  

i s  h igh ly  c o r r o s i v e ,  t h e  e l e c t r o n i c  b a r o c e l l  was detached from 

t h e  system,  t h e  volume of t h e  system r e n a i n i n g  unchanged. 

P r e s s u r e s  were measured only w i t h  t h e  mercury manometer; between 

r e a d i n g s ,  t h e  manometer w a s  i s o l a t e d  from t h e  system s i n c e  

n i t r o g e n  te t rox id-e  a l s o  r e a c t s  s lowly wi th  t h e  mercury. 

Three gas  mixtures  of n i t r o g e n  t e t r o x i d e  and oxygen were 

s t u d i e d .  Each had t h e  same i n i t i a l  composit ion ( i . e .  r e f e r  t o  

Table  I ) .  I n  t h e  f i r s t  exper iment ,  t h e  cryogenic  tempera ture  

and p r e s s u r e  were measured cont inuous ly  from 4 . 2  (i .e. normal 

b o i l i n g  ~ o i n t  of l i q u i d  helium) t o  llO°K, and a  f i n a l  r ead ing  of 

p r e s s u r e  was taken  when t h e  cryogenic  chamber was a t  room temper- 

a t u r e ;  t h e  second experiment was c a r r i e d  o u t  from 4 . 2  t o  155OK, 

and t h e  t h i r d  experiment from 4 . 2  t o  ambient t empera ture  

( i . e .  295OK). 



Table I a l s o  c o n t a i n s  t h e  c o m ~ o s i t i o n s  of t h e  Freon-22 

and carbon d iox ide  gas mix tures .  Each gas  mix tu re ,  w i th  approxi -  

mately t h e  same gas  composi t ions ,  was t e s t e d  twice  t o  v e r i f y  t h e  

r e p r o d u c i b i l i t y  of t h e  exper imenta l  r e s u l t s .  

TABLE I 

Freon - 2 2  

The r e s u l t s  a r e  p l o t t e d  as  ' f r a c t i o n  of i n i t i a l  s o l i d  

evolved a s  g a s '  ve r sus  t h e  cryogenic  tempera ture  and a r e  shown 

i n  F igures  4 ,  5 ,  6 .  This f r a c t i o n  r e p r e s e n t s  t h e  t o t a l  moles 

of - gas i n  t h e  c ryogenic  and main chambers d iv ided  by t h e  i n i t i a l  

t o t a l  moles of bo th  gases  used. 









SIMPLE THEORETICAL P R E D I C T I O N  

I f  t h e  s o l i d s  i n  t h e  c ryogenic  chamber c o n s i s t e d  only  of 

a  p h y s i c a l  mix ture  of oxygen and a  less v o l a t i l e  complexing 

g a s ,  t hen  i t  i s  r e l a t i v e l y  easy  t o  p r e d i c t  t h e  f r a c t i o n  of 

s o l i d s  evolved  a s  t h e  tempera ture  o f  t h e  c ryogenic  chamber i s  

inc reased .  

A t  t h e  very low condensat ion tempera ture  ( c i r c a  4 . 2 O K j  , 
t h e  vapor p r e s s u r e  of bo th  oxygen and t h e  complexing gas  a r e  

e s s e n t i a l l y  ze ro .  Thus, i n i t i a l l y ,  t h e  e n t i r e  sys t em ' s  p r e s -  

s u r e  i s  t o o  s m a l l  t o  be measured. A s  t h e  temperature  i n  t h e  

c ryogenic  chamber i s  r a i s e d ,  oxysen beg ins  t o  vapor i ze  though,  

i n  most c a s e s ,  t h e  complexing gas vapor p r e s s u r e  remains c l o s e  

t o  ze ro  s i n c e  i t  i s  s o  much less v o l a t i l e .  

A t  any q iven  tempera ture ,  l e t  t h e  system p r e s s u r e  be  P .  

Assume t h a t  t h e  temperature  i s  s u f f i c i e n t l y  low t h a t  one can 

n e g l e c t  t h e  e f f e c t  of t h e  presence  of  t h e  complexing gas  i n  t h e  

vapor.  Then P should  be t h e  vapor  p r e s s u r e  of oxygen and t h e  

f r a c t i o n  o f  gas  evolved would eqllal  ( P V / R T ) / N ~ .  The va lue  V 

r e p r e s e n t s  t h a t  f o r  t h e  combined c ryogenic  and main chambers. 

R i s  t h e  gas  c o n s t a n t ,  N T ,  t h e  t o t a l  moles condensed, and T an 

average tempera ture  based on t h e  r e l a t i v e  volumes and a c t u a l  

t empera tures  of va r ious  p o r t i o n s  of  t h e  system. This  q u a n t i t y  

i s  p l o t t e d  i n  F igures  4 ,  5 ,  and 6 and a t  low tempera tures  agree  

w e l l  w i t h  t h e  d a t a .  When t h i s  f r a c t i o n  accounts  f o r  a l l  t h e  

oxygen t h e o r e t i c a l l y  p r e s e n t  (i . e . , t h a t  wlz i  ch was added) , when 

one would expec t  no chanse i n  p r e s s u r e  w i th  tempera ture  ( excep t  



t h a t  due t o  gas expansion)  u n t i l  t h e  complexing gas  vapor 

p r e s s u r e  becomes measurable.  Repeating t h e  c a l c u l a t i o n s ,  a 

t h e o r e t i c a l  curve can b e  drawn and compared w i t h  t h e  d a t a .  

A s  noted i n  F igu res  4 ,  5 ,  and 6 ,  t h e  t h e o r e t i c a l  curves  ag ree  

w e l l  w i th  t h e  exper imenta l  d a t a  p o i n t s  i n d i c a t i n g  t h a t  l i t t l e  

o r  no complexing occured i n  any run.  



CONCLUSIONS 

Oxygen i s  n o t  complexed by t h e  n i t r o g e n  t e t r o x i d e  

a t  4 . 2 " K .  This conc lus ion  i s  i n  d i r e c t  c o n t r a d i c t i o n  t o  

t h e  c l a im  of t h e  p a t e n t .  

Oxygen i s  n o t  complexed by Freon -22  and carbon 

d iox ide .  
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The  aiditional gas with which it is dc i r ed  to blend the 
oxygen gas is supplied from a source (not shown) through 
either tube 10 o r  tube 15. If the additional gas is sup- 
plied through tube 10, it is then drawn down tube 8 into 
the lower part 6 of cylinder 5 by the vacuum created 
therein by the action of the liquid helium constantly 
freezing out all eases. T h e  blendine of the oxveen gas .- - 

This invention re!ates to a process for the storage of and the  additional gas then takes in the lower part 
oxygen. More particularly it relates to a method of com- 6 of cylinder 5 wherein it is almost immediately solidi- 
bining oxygen gas with other compounds and solidfying fied. When the additional gas is supplied through tube 15 
the product into a blend much more stable than solidi- it is blended with the oxygen gas at the Y connection 
fied oxygen itself. of Pyrex cylinder 3 and tube 15. The two gases together 

Oxygen is conventionally stored in its liquid form. then are drawn down Pyrex cylinder 3 and out the  lowrr 
However, it cannot be stored at a temperature higher j end thereof into the lower part 6 of Pyrex cylinder 5 
than its boiling point unless it is kept under high pres- wherein they are solidified. 
sures. I n  order to  maintain this high pressure, heavy In order to prevent condensation or solidification of 
equipment such as metal storage tanks, safety devices, the gases at temperatures much above 4.2" K., Pyrex 
etc. must be used. Since t h i ~  invention requires no  pres- tubes 3 and 8 are kept at a relatively high temperature, 
sure, such equipment is eliminated. 20 for instance, room temperature. This temperature is main- 

Therefore, an object of this invenlion is to provide a tained by forcing a relatively warm gas such as  helium 
process which will allow oxygen to be stored without the  or  nitrogen into the hollow rvalls 9 of tube 8.  The  in- 
use of high pressures or  the equipment necessary therefor. troduction of such a sheath of warm gas extending con- 

A further object of this invention is to provide a means siderably below the liquid helium level causes but a slight 
whereby oxygen may be stored in a stable manner at low Zj heat input. However, by this means the gare5 pass abruptly 
temperatures. from a relatively high temperature to the extremely low 

Another object of the invention is to  provide a sup- temperature of the lower part 6 of  Pyrex cylinder 5 and 
ply of oxygen in a solid, stable fornr, which upon sob- accumulate in solid form in this area. 
sequent vaporization, provides a ready source of oxygen The liquid helium bath may be insulated from the out- 
for any purpose for which it is conventionally used. 30 side temperature by an additional bath of liquid nitro- 

The foregoing and other objects and advantages will gen in order t o  reduce the amount of liquid helium re- 
become apparent from the following detailed descrip- quired to maintain the lower part of cylinder 5 at a very 
tion of the invention. low temp?rature. The  helium and nitrogen baths are con- 

In accordance with this invention. oxyxen gas is blended tained in Dewar flasks 11 and 12. respectively. ivhich can 
with another gaseous material, preferably one of the fol- 33 be raised and lowered by means of a screw elevator (not  

lowing: water vapor. nitrogen dioxide (or  nitrogen tetrox- showill in nrder !c :.r,;j- ;:LC hrmperature in the lower 
ide) and olefins such as e t h ~ l e ~ e  or  i:~'..;%!iit?. im- end of cylinder 5. T h e  silvered Dewar flasks 11 and 12 
mcdiatciy  hereafter the mixed blend is subjected to ex- are provided with strip windows 13 and 11. respectively, 
tremely low temperatures of about 4.2" K. A solidified to  allow observation of the solidified material which is 
product is formed which is a complex of molecular oxy- 40 deposited at the bottom of Pyrex cylinder 5. The  level 
gen and another compound. The  so!idified product is then of the liquid helium is maintained around the lotver end 
warmed to a temperz~ture of from about 66" K. to about of Pyrex cylinder 5 by slowly raising the Demar flasks 
77" K. in order to allow the uncomplexed oxygen to  be as the helium boils away. This prevents unnecessary ex- 
pumped from the so!idification zone. The remaining solid cessive cooling of the  Pyrex entrance tubes 3 and 8. 
complexed material is much more stable than pure solidi- 45 Following the blending of the oxygen gas with an ad- 
fied oxygen and consequently may be stored indefinitely ditional gas and the subsequent solidification thereof, the  
at much higher temperatures, up to  200" K. When it is lower end 6 of cylinder 5 is warmed to a temperature of 
desired to obtain oxygen gas f rom the solidified com- from about 66" K. to  about 77" K. by lo\vering the  
plexed material, it is merely necessary to raise the tem- Dewar Aasks 11 and 12. Control of the elevation of the  
perature of the material to a point at which oxygen gas 50 Dewar flasks gives very good temperature control and it  
is evolved therefrom. is possible to warm or  cool the solidified product at will 

The  various gases used in this process are  obtained or hold it at any desired temperature for hours. As the so- 
from any well known source such as from c ~ m m e r c i a l  lidified product is warmed to  the aforementioned tempera- 
supplies thereof and are essentially pure. ture, the uncomplexed oxygen becomes gaseous again and  

More specifically, with particular reference to  the sin- 55  is removed by a vacuum pump (not shown) through con- 
gle figure of the dra\t8ing, oxygen gas, usually obtained nection 7. This oxygen gas may be recovered alld then 
directly from a cylinder (not sho\vll), is introduced returned tn the  cri;::,~! ; X , ~ C S I  supply in order to  be  
through a supply tube 1 2nd controlled hy -e:z; n used in the process again. The remaining solid material 
r,tcpcszk 2. i r  is throttled into a Pyrex tube 3 open at i,. of course, the complex of solidified oxygen and a n  
its lower end and having a Y connection wit11 another 60 additional solidified gaseous compound. The oxypen may  
supply tube 15. The os!rgen gas flo\\'s Out of the lower be conveniently stored in the complex for an indefinite 
end of tube 3 into the lower pnrt 6 of a Pyre\: cylinder period as long as its temperature remains below the de- 
5. The  lower part of this cylinder is immersed in liqllid composition point thereof. A ready supply of oxygen pas 
helium. It is also cqllippcii \vith :I \'acuum punlp Connec- is obtained by merely raising the temperature of the  
tion 7 which m:ty he in lllrn conne:ted \vilh a vacuum 63 solid complesed product above its decomposition point. 
plrmp (not vlior\-n) tv11r.n it i i  dcrir-cd to rcnlo\'e cases In order that the invention may be further illostrated. 
from the cylinder 5 .  The In\\i'r p:tIt 6 of P \ rex  cylinder the following are examples of typical o f  
5 which has hccn irn~nci.~c,l in liquid heliunl nctv as :I ;n,rPntinn 
trap or  con~icnscr I,\ Ir-ce~irlg iwt :>I1 finrc.; and thur son- 

"" ""b"'Lu"' 

Esar~ip le  I 
stit~itc<. in clT~'t. :I lii$l~ spcc~i p111np f ~ ) r  ~ n : ~ i ~ ~ t : ~ i n i ~ l f i  the 7 0  
flow of p:\< ~ o \ v : ~ r ~ l  it. A nlislilre of r l i t ro~en dioxide gas and @\!fen gas vcrns 

SurrounJil~g tllc 1'!1c\ 1111,s .\ ii :ino;hcr P)rcx liii>c 8, solidified at the ten1pcratu1-e o f  liquid heliunt (about 4.2" 
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K.) in the trap formed by the lower part 6 of Pyrex cyl- oxide gay, ethylene gas and iwbutylene g:~'. 5oliJif)ing 
inder 5. After warming to 77" K. and pumping off the the blended gas by freerin: a: a temjxr;i!ure of approxi- 
uncombined oxygen gas, it was found that additional oxy- mately 4.2" K. to obtain a complexed product rilereof, 
gen gas was evolved from the solidified complex prod- warn~ing s;iid product to a temperature in >I range of 65' 
uct of nitrogen dioxide and oxygen at temperatures ap- 5 K. to 77" K. to render any uncomplexed oxj:en gaseous 
proaching and including 124" K., in a rever\ ib!~ r n . 1 " -  for removal, utiliring the soliJiIicd cunlple~ produ.~ as 
ner, and in the ratio of one mole 01 uxjgcn to 0.6 rnoles a shfe storage of oxygen at norm;tl p;e,,iirc b) mainkdin- 
of NOz. ing the temperature bc!ow 86-  K. and rstric\ing ;he oh)- 

Exai71ple II yen for- u\e from the .solidi;led cornp1c.x product b j  r,ii,- 
~ - 

A mixture of water vapor and oxygen gas was solidi- ing tile tern[,sl-'~ture to a r.!ngc of 121. K. tu  i C ( l  K. 

fied as in Example I, Again, after warming to 77m K, and 3. A so11ti co~nplexe~l cumpountl i a l r  t:ic ~ l e  .tirr;ige 

pllmping the uncolnbined oxygen gas, it was found of oxygen :it normal pre\\cire ii:l.I L I ~  tempcr,~tu~e\  below 

that additional oxygen gas was evolved the solidi- 86O K. consisting of a ,t:ible solidified cornhin:itiun formed 

fied complex of water vapor and oxygen at of oxygen and a rnn:crial \elscied fr-om the. griJcJp con- 
peratures approaching and including 1500 K, and in the 15 sisting of water vapor, nitrogen tliovide gar, <ihylene gas 

ratio of one mole of oxygen to 10.5 moles of water. and i5obut)lene gas and free of uncomplex oxygen. 
4. A solid complexed compoiind for the safe :tcrage 

Example 111 cf ovveen at normal aressiire and at temaeraturer below 

A mixture of isobutylene gas and oxygen gas was also 77'  consisting of stable solidified cdmpound of so- 
solidified as in ~~~~~l~ 1, ~ f t ~ ~  warming  to about 720 K. 20 lidified oxygen and solidifieif nitrogen dioxide gss free of 
and ~ u m n i n e  off the uncombined oxvren aas. it was found ~ l lco"~fexed  oxygen and )i?lding a supply of oxygen gas . ~~~ z . ~ ' 2  ,- - , 

that additional oxygen gas was evolved from the at temperatures approaching and including 124' K. 
complex product of isobutylene and oxygen at a temper- 5. A solid complexed compotind for the safe storage 
ature around 1300 K, and in a ratio of one mole of oxy- of oxygen at normal pressure and at temperatures below 

gen to 27 moles of i-CIHa. 25 77" K, consisting of a stable solidified con~bination of 
frozen water vanor and solidified oxvren ras free of un- ,- - 

Exar~~ple  I V  complexed oxygen and yielding a supply of oxygen gas 
A mixture of ethylene gas 2nd oxygen gas was also at temperatures approaching and including 150' K. 

solidified as in the previous examples. After warming to 6 .  A solid complexed compound for the safe storage 
about 66" K. and pumping off the uncombined oxygen 30 of oxygen at normrll pressure and at temperatllres below 
gas, it was found that additional oxygen gas was evolved 72" K. consisting of a stable solidified combination of SO- 

from the solidified complex product of ethylene and oxy- lidified oxygen and solidified isobutylene gas free of un- 
gen at a temperature of about 86" K. in a reversible man- complexed oxygen and yielding a supply of oxyzen gas 
ner and in the ratio of one mole of oxygen to 7.6 moles at tempera:iJres approaching and including 130" K. 
of C2H4. 35 7. A solid comple~ed conlpound for the safe storage 

While the foregoing embodiments have been set forth in of oxygen at normal pressure and at temperatures below 
detail, it is to be distinctly understood that 66' K. con~isting of a stable solidified combination of 

many modifications and variations will naturally present solidified oxygen gas and z~lidifii-d ethylene ga= ''+"cf 
themselves to those skilled in the art without departin2 ll"rc?mp!esid oxygen and yielding a supply o t  oxygen 
from the s2irit cf :ki; ;llvt.niion or the scope of the ap- 40 gas at temperatures approaching and including 86" K. 
pended claims. 

Having thus described the invention, what is claimed is: References Cited 

1. A method for the preparation of a complex com- UNITED STATES PATENTS 
pound capable of  storing oxygen at normal pressure corn- 2,892,766 6,1959 tem id^ et - -_-____ 204-164 
prising, blending oxygen gas in a vacuum with a material 43 3,062,730 11,1962 Ruehrwein __-_-__-_-  204-176 
selected from the group consisting of water vapor, nitro- 3,217,503 11,1965 hiitchell et al, _--__-_ 62-1 XR 
gen dioxide gas, ethylene gas and isobutylene gas, solidify- 1,680,,873 8,1928 ~ ~ ~ ~ ~ - ~ i ~ ~ ~ d ~ i l l ~  _-_--_ 6 2 - 4 7  
ing by freezing the resulting blend to obtain a complexed 2,217,678 10/1940 Goosmann --__-_--_---- 62-1 
product thereof, warming said product to a temperature 2,939,778 6/1960 h I c ~ i n l e y  _-_-_-_-_-_- 62---4)3 
between 66"-77" K, to render any uncomplexed oxygen 5O 
gaseous for removal and utilizing the final solidified com- OTHER REFERENCES 
plexed product as a safe means of storing the complexed Stackelberg, "Zeitschrift for Elcktrochemie," vol. 58, 
oxygen at normal pressure as long as the temperature pp. 104-109 (1958). 
of the solid product is maintained below 86" K. 

2. A method of safely storing oxygen at normal pres- 55 MILTON WEISSMAN, Pt.ir;rnry E.~n,tritier. 
sures combined in a complex compound comprising, ROBERT A, O,LEARY, litler, 
blending in a vacuum oxygen gas with a material selected 
from the group consisting of water vapor, nitrogen di- h1. L. RIOORE, Assi.$r~rrt E.viirl~itr~~r. 



APPENDIX I1 

D e t a i l e d  D e s c r i p t i o n  o f  Exper imenta l  P r o c e d u r e  

S t a r t - u p  Procedure  

1. E n e r g i  ze t h e  galvonome te r  . 
2 .  F i l l  t h e  s m a l l  dewars used  a s  r e f e r e n c e  t e m p e r a t u r e s  

w i t h  ice-water and l i q u i d  n i t r o g e n .  

3. I s o l a t e  t h e  o i l  d i f f u s i o n  pump from main sys tem.  

4 .  Zero t h e  p r e s s u r e  m e t e r .  

5.  Purge  t h e  g a s  f e e d  l i n e s .  

P rocedure  t o  b e  Followed. Dur ing Run 

1. Open t h e  c r y o g e n i c  v a l v e ,  r e f e r e n c e  and mercury mano- 
m e t e r  v a l v e s  and e v a c u a t e  t h e  sys tem u s i n g  t h e  mechan ica l  
vacuum pump (M.V.P. ) . 

2 .  I s o l a t e  t h e  r e f e r e n c e  p r e s s u r e  chamber from t h e  main 
s y s t e m  by e v a c u a t i n g  t h e  vacuum cup f a r  a  few seconds  
and t h e n  t u r n  t h e  s topcock  1/2 t u r n .  Only need t o  do 
once.  

3 .  Turn o f f  t h e  main and a u x i l i a r y  v a l v e s  t o  t h e  m.v.p. and 
t u r n  o f f  t h e  m.v.p. Vent t h e  pump t o  atmosphere.  

4 .  Note whe the r  t h e  main o r  c r y o g e n i c  chambers l e a k .  

5 .  Turn o f f  t h e  c r y o g e n i c  v a l v e  and n o t e  whe the r  t h e  
c r y o g e n i c  chamber l e a k s .  

6 .  I f  no l e a k s ,  n o t e  t h e  r e s i d u a l  p r e s s u r e  and t e m p e r a t u r e .  

7.  Turn on t h e  h e l i u m  i n s u l a t i o n  l i n e  ( l o w ) .  

8 .  I m m e r s e  c r y o g e n i c  chamber i n  l i q u i d  he l ium.  

9 .  Feed i n  t h e  gas m i x t u r e ,  one a t  a  t i m e ,  n o t i n g  p r e s s u r e  
and t e m p e r a t u r e  o f  each component added ( l e t  g a s e s  s i t  
f o r  approx imate ly  15  m i n )  and l e t  t h e  final gas  m i x t u r e  
s i t  f o r  4 5  minu tes .  



TURN OFF MERCURY MANOMETER VALVE. 

S t anda rd i ze  t h e  + 5  microvol t s  po t en t iome te r .  

I n c r e a s e  t h e  f l o w r a t e  of helium gas i n  i n s u l a t i o n  
l i n e .  

Open c ryogenic  va lve  COMPLETELY. 

Take cont inuous read ings  of  p r e s s u r e  and temperature  
on main and c ryogenic  chambers. 

Wait u n t i l  e q u i l i b r i u m  i s  a t t a i n e d  by n o t i n g  constancy 
of  p r e s s u r e .  Note f i n a l  p r e s s u r e  and tempera ture .  
NOTE: PRESSURE MUST BE LESS THAN 1 0 0  mrn Hg b e f o r e  
be ing  a b l e  t o  t a k e  read ings  wi th  e l e c t r o n i c  barometer.  

Evacuate system wi th  m. v. p .  by : 

a )  t u r n i n g  o f f  t h e  c ryogenic  va lve  and no t ing  t h e  
main chamber p r e s s u r e  and tempera ture  

b )  evacua te  t h e  main chamber t o  t h e  lowest  p r e s s u r e  
and then  c l o s e  t h e  main v a l v e ,  n o t i n g  t h e  f i n a l  
p r e s s u r e  and tempera ture .  

C )  open t h e  c ryogenic  va lve  and w a i t  u n t i l  t h e  main 
chamber p r e s s u r e  i s  c o n s t a n t .  

d )  r e p e a t  s t e p s  ( a )  and ( b )  u n t i l  gases  a r e  completely 
removed. 

Lower Dewar s l i g h t l y  u n t i l  t h e  l i q u i d  helium l e v e l  
i s  approximately 1/2 cm from t i p  of c ryogenic  chamber. 

Reduce he  l ium gas f  lowra te .  

Continue t o  remove any evolved gases .  

A f t e r  e v o l u t i o n  c e a s e s ,  lower t h e  Dewar f a r t h e r  and 
t a k e  cont inuous read ings  of p r e s s u r e  and temperature  
(main chamber and c ryogenic  chamber) b e f o r e  and a f t e r  
gases  beg in  t o  evolve.  



Shut-down Procedure  

1. Open t h e  c ryogenic  and r e f e r e n c e  v a l v e s .  

2 .  Evacuate t h e  system t o  t h e  lowes t  p o s s i b l e  
p r e s s u r e  u s ing  m.v.p. 

3 .  Close t h e  main and open a u x i l i a r y  va lves  t o  m.v.p 
and t u r n  o f f  pump. Vent pump t o  atmosphere. 

4 .  Open t h e  by-pass va lve .  

5. Open t h e  system t o  t h e  o i l  d i f f u s i o n  pump. 

6 .  Turn o f f  t h e  p o r t a b l e  po ten t iome te r  and empty t h e  
r e f e r e n c e  tempera ture  dewar. 

7. Turn o f f  +5  microvol t s  po t en t iome te r  

a )  d i s connec t  l eads  t o  s t a n d a r d  c e l l  
b )  d i s connec t  l eads  t o  one of t h e  3 v o l t  b a t t e r y  

8. De-energi ze t h e  galvanometer.  

9 .  Turn o f f  a l l  gas c y l i n d e r s .  

1 0 .  R e f i l l  c o l d  t r a p s  w i t h  l i q u i d  n i t r o g e n .  

11. Empty c o l d  t r a p  between t h e  main and mechanical 
pump by ven t ing  pump t o  atmosphere. 



APPENDIX 111 

Experimental  D a t a  ( p r e s su re s ,  and tempera tures  i n  t h e  c ryogenic  

and main chambers) : 

Oxygen & Nit rcgen  Te t rox ide  (A)  

Oxygen & Freon-22 ( R )  

Oxygen & Carbon Dioxide ( C )  



EXPERIMENT : A- 1 

Main T e m p e r a t u r e :  24.5Oc 
I n i t i a l  P r e s s u r e  o f  Nitrogen T e t r o x i d e :  215mm Hg 
I n i t i a l  P r e s s u r e  of Oxygen: 210mrn Hg 

P r e s s u r e  (m H g )  C r y o g e n i c  T e m p e r a t u r e  (OK) 

1.0 38.0 
4.0 59.0 

47.0 70.5 
69.0 72.5  
94.0 74,O 

110.0 75.5 
124.0 75.5 
163.0 77.0 
169.0 78.8 
174.0  81 .1  
174.0 84.5  
175.0  86.5 
175.0  89.6 
179.0  93.4 
1 7 9  .O 9 4 , 5  
179,O 106 .1  
180.0  109 .8  



Main Temperature : 26.4Oc 
I n i t i a l  P r e s s u r e  o f  Ni t rogen Te t rox ide :  213 mm Hg 
I n i t i a l  P r e s s u r e  o f  Oxygen: 208 mrn Hg 



EXPERIMENT : A- 3 

Main Temperature : 24.5Oc 
I n i t i a l  Pressure of Nitrogen Tetroxide: 218 mm Hg 
I n i t i a l  Pressure of Oxygen: 205 mm Hg 



EXPERIMENT: B-1 

Main Temperature: 25.4Oc 
Initial Pressure of Freon -22: 208 mm Hg 
Initial Pressure of Oxygen: 210 mm Hg 

Pressure (mm Hg) Cryogenic Temperature (OK) 



Pressure (mm Hg) - Cryogenic Temperature (OK) 



EXPERIMENT B-2 

Main Temperature: 25.5Oc 
Initial Pressure of Freon-22: 210 mm Hg 
Initial Pressure of Oxygen: 215 mm Hg 

Pressure (mm Ilg) Cryogenic Temperature (OK) 



Pressure (mrn Hg) Cryogenfc Temperature (OK) 



Main Temgerature: 24.5Oc 
Initial Pressure of Carbon Dioxide: 203 mm Hg 
Initial Pressure of Oxygen : 214 mm Hg 



EXPERIMENT : C- 2 

Main Temperature: 25.g0c 
Initial Pressure of Carbon Dioxide: 203 mm Hg 
Initial Pressure of Oxygen: 213 mrn Hg 


